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ABSTRACT: A new family of pseudopeptidic macrocyclic
compounds has been prepared involving an anion-templated
amide bond formation reaction at the macrocyclization step.
Chloride anion was found to be the most efficient template in
the macrocyclization process, producing improved macro-
cyclization yields with regard to the nontemplated reaction.
The data suggest a kinetic effect of the chloride template,
providing an appropriate folded conformation of the open-
chain precursor and reducing the energy barrier for the
formation of the macrocyclic product.
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he central role of anions in environmental science,

biology, and medicine has motivated chemists to develop
selective anion receptors. Many of these receptors are
macrocycles as long as the high level of favorable preorganiza-
tion allows achieving an improved selectivity and stronger
interactions. "> The synthesis of macrocyclic compounds is
challenging and usually requires an important synthetic effort in
the final macrocyclization step, which is in many instances the
yield limiting step.'® In this regard, the use of anions as
templates is a promising synthetic methodology to achieve
efficient macrocyclization processes; however, this approach has
not been fully explored in many of these processes. ®~'*

Some pioneering examples in this context include the use of
anions as kinetic templates. Alcalde and co-workers described
the chloride- and bromide-templated macrocyclization reac-
tions through Sy2 reactions at the macrocyclization step,'””’
and Luis and co-workers reported the anion-templated
macrocyclization reactions of C,-symmetric pseudopeptides
involving Sy2 and Schiff reactions.”’™** Similarly, Meshcher-
yakov et al. observed a crucial template effect of the chloride
anion in the preparation of tetrameric urea macrocycles: it was
not possible to isolate the macrocyclic product in the absence
of chloride.”” In the same way, Katev and co-workers proved
the templating effect of anions in some macrocyclization
reactions involving amide bond formation.”® In addition,
Jurczak and co-workers prepared macrocyclic structures using
the chloride anion as a template.”® The key templating role of
anions has been reported by Beer and co-workers in the
synthesis of interlocked structures. In this case, the templating
anions are essential for the preparation of isophthalamide-based
rotaxane structures in that the chloride anion provides a higher
rotaxanation yield.””**

Herein, we report the preparation of a novel family of
macrocyclic isophthalamide-containing pseudopeptidic com-
pounds in a macrocyclization process involving two consecutive
amide bond formation reactions. The reaction involves a

v ACS Publications  © Xxxx American Chemical Society

pseudopeptidic compound 1°"**7*" and the isophthaloyl-N-
hydroxysuccinimide-activated ester 2°* and provides access to
new isophthalamide pseudopeptidic macrocycles. This new
family of compounds has been designed with consideration to
the chemical structure of the pseudopeptidic macrocycles (A)
previously studied by us.”"">’~*" This design involved the use of
the isophthalamide motif instead of the m-xylylenediamine
motif, using amide linkages to bond all building blocks (Scheme
1). This design provides macrocycles with four potentially

Scheme 1. Isophthalamide-Containing Macrocyclic
Pseudopeptidic Compounds 3 and the m-Xylylenediamine
Analogues A As Previously Described
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convergent amide groups that favor interaction with anions
under neutral conditions. This interaction can introduce novel
properties to the macrocycles such as the formation of
supramolecular ordered structures, molecular recognition, and
catalysis.”® In this context, to obtain an efficient macro-
cyclization yield, we have explored the kinetic templating role
of anions in the macrocyclization reaction involving amide
bond formation through the analysis of the macrocyclization
yield in CH,Cl,. Similar effects are also present in CDCl; as
revealed by the study of the corresponding macrocyclization
reaction kinetics.
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The synthesis of the target macrocyclic compounds 3 and 4
was envisaged by the reaction of the pseudopeptidic compound
1 with isophthaloyl-N-hydroxysuccinimide-activated ester 2** in
both the absence and presence of templating anions in CH,Cl,
(Scheme 2).

Scheme 2. Isophthalamide-Containing Macrocyclic
Pseudopeptidic Compounds 3 and 4 Prepared in This Work
(TBA = tetrabutyl ammonium)
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Initially, a significant effect of the nature of the spacer on the
macrocyclization yield for the preparation of macrocycles 3a—c
at a concentration of 10 mM was observed (Table 1). For

Table 1. Isolated Yields for the Macrocyclization Reaction in
the Presence and Absence of Templating Anion (Added as
Tetrabutyl Ammonium Salt) in CH,Cl,

reaction conditions la 1b 1c

6% [1+1] 3a

1 mM, no template” 45% 3b 18% 3¢
18% [2+2] 4a
. 4% [1+1] 3a
10 mM, no template 17% 3b 3% 3¢
9% [2+2] 4a
17% [1+1] 3 .
10 mM, TBACI® 0 [1+1] 3a 51% 3b° 38% 3c

17% [2+2] 4a
0,
10 mM, TBABr” 11% [1+1] 3a 31% 3b 18% 3¢
15% [2+2] 4a
. 6% [1+1] 3a
10 mM, TBAI 27% 3b 5% 3c
9% [2+2] 4a
“40 °C, 7 days. "Rt, 2 days. “Using 10 equiv of TBACI (100 mM) and
1b (10 mM), the [1+1] macrocyclic product 3b was isolated in 68%
yield.

compound 1a, with a flexible ethylene diamine aliphatic spacer,
both [1+1] (3a) and [2+2] (4a) macrocyclic products were
isolated in the absence of any added template in 4% and 9%
yields, respectively, after chromatographic purification. In
contrast, for the more favorable preorganized open-chain
compounds 1b (pyridine) and 1c (acridine), only the [1+1]
macrocyclic product was isolated in 17% and 3% yields,
respectively. These yields were enhanced using 1 equiv of
templating anion (CI7, Br, and I7) in the corresponding
macrocyclization reactions, even when the concentration of the
substrates was appreciably increased (10-fold concentration
increase, Table 1). This observation suggests that the
intramolecular macrocyclization reaction is favored over the
intermolecular oligomerization processes’*”” in the presence of
the templating anion, in particular the [1+1] process.”"*>***

The observed templating effect follows the order CI™ > Br~ >
I", which suggests a more favorable effect of the chloride anion
on the reaction intermediates of the process yielding the
macrocyclic structure. This is a reflection of the stronger
coordination strength of chloride due to its smaller radius and
stronger Coulomb attraction due to the shorter distance to the
NH groups. We isolated the macrocycle 3b in 68% yield using
10 equiv of chloride, instead of the 51% yield obtained in the
presence of only 1 equiv of chloride. All of the macrocyclic
compounds were obtained as pure compounds and were fully
characterized by NMR and HRMS. Appropriate crystals for X-
ray diffraction could be obtained only for compound 3a. The
corresponding structure is presented in the Supporting
Information.

The kinetic role of chloride was then evaluated by following
the "H NMR evolution with time of the macrocyclization of 1b
in the presence of 1 and 10 equiv of chloride in CDCl; (Figure
1). The use of CDCIl; rather than CD,Cl, facilitated the
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Figure 1. Reaction kinetics of the macrocyclization reaction of 1b in
the presence of 10 equiv of TBACL The product formation was
determined by 'H NMR (30 °C, CDCl;, 10 mM). Upward arrows
indicate macrocycle 3b formation, and downward arrows indicate
disappearance of open-chain precursor 1b and isophthaloyl-N-
hydroxysuccinimide-activated ester 2.

analysis of the complex spectra obtained and the monitoring of
most of the peaks of interest. In Figure 1, upward arrows
indicate macrocycle 3b formation and downward arrows
indicate disappearance of open-chain precursor 1b and
isophthaloyl-N-hydroxysuccinimide-activated ester 2. The
results show a clear increase in the formation rate of macrocycle
3b with the change in concentration of chloride anion from 10
mM (1 equiv) to 100 mM (10 equiv), conﬁrmlng the kinetic
role of this anion in the process (Figure 2).** The good yields
obtained in the presence of chloride could not be achieved by
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Figure 2. Reaction kinetics of the macrocyclization reaction of 1b in
the presence of 1 and 10 equiv of TBACI to form macrocycle 3b. The
product formation was determined by 'H NMR (30 °C, CDCl,, 10
mM).
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reducing the concentration of the reactants from 10 to 1 mM in
the absence of any templating anion, highlighting the synthetic
benefits of the use of templates in the preparation of
macrocyclic structures.””*’

The proposed macrocyclization process comprises two steps:
the first step yields the open-chain macrocyclic precursor 5b,
and the second step yields the macrocycle 3b (Figure 3).

Figure 3. Proposed role of the chloride-templating anion in the
macrocyclization reaction of 1b with 2.

Focusing on the macrocyclization step, we propose that the
chloride anion interacts with Sb by hydrogen bonding to the
three amide groups, which are oriented in a convergent
arrangement, and one hydrogen atom of the amine, which
transforms into an amide group, as suggested by preliminary
computational calculations using Gaussian 09*' at the PM6
semiempirical level of theory. This provides a favorable
preorganization of the linear precursor, thereby reducing the
unfavorable activation entropy of the macrocyclization. There-
fore, the chloride anion can play a crucial role, not only by
providing an appropriately folded conformation of 5b but also
by favoring the formation of the [1+1] macrocyclic product by
reducing the energy barrier of the macrocyclization reaction
through the strong interaction with the corresponding
transition states. In this regard, the chloride—reaction
intermediate complex (Sb) could be unambiguously detected
by ESI-MS in the macrocyclization reaction mixture (Figure 4).

B CONCLUSIONS

We have successfully prepared a new family of pseudopeptidic
macrocycles through an efficient chloride-templated macro-
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Figure 4. Proposed structure of the chloride complex of the reaction
intermediate Sb detected by ESI-MS.

cyclization reaction involving an amide bond formation. Our
results demonstrate that both the presence of structural factors
on the pseudopeptidic spacer, which could facilitate the
preorganization of the open-chain intermediate, and the
presence of templating anions, in particular the chloride
anion, play a key role in favoring the macrocyclization process
to selectively achieve the [1+1] macrocyclization reaction. The
results obtained suggest that an eflicient templating role of the
chloride anion results in the corresponding [1+1] macro-
cyclization process being kinetically facilitated. The synthetic
utility of anionic templates in amide bond formation-based
macrocyclization processes can be even greater than that
observed in the case of S\2 reactions; for example, in the last
case the alkylating agents provide halide anions, allowing an
intrinsic template effect to occur.”' 7> Interestingly, the use of
this template effect results in a 10-fold increase in the
concentration of the substrates without any negative effect on
the macrocyclization yield.

B EXPERIMENTAL SECTION

NMR experiments were carried out at 500 MHz for 'H and 125 MHz
for *C. Chemical shifts are reported in ppm from tetramethylsilane
with the solvent resonance as the internal standard. FT-IR spectra
were recorded using an ATR adapter. Microanalyses were performed
on an elemental analyzer equipped with an oxygen module. Mass
spectra were recorded with a Q-TOF instrument. Rotatory power was
determined with a digital polarimeter (Na: $89 nm). Melting points
were measured using a standard apparatus and are uncorrected.

Synthesis. Isophthaloyl-N-hydroxysuccinimide-activated ester 2**
and pseudopeptidic compounds 1a,>' 1b,>' and 1c*’ were prepared
following literature procedures. The isolated macrocyclic compounds 3
and 4 were found to have a limited solubility in CDCIl; in the
concentrations required for the NMR spectroscopic characterization;
DMSO-d4 was found to dissolve the obtained macrocyclic products in
the concentrations required.

General Macrocyclization Reaction Conditions. To prepare
pseudopeptidic macrocycle 3b, open-chain precursor 1b (50.0 mg,
0.149 mmol) and TBACI (41.4 mg, 0.149 mmol) were dissolved in dry
CH,Cl, (10 mL) and then a solution of activated isophthalic acid 2
(53.7 mg, 0.149 mmol) in dry CH,Cl, (49 mL) was added to the
reaction mixture to achieve a 10 mM equimolar mixture of both
reactants and the template anion. The reaction mixture was stirred at
room temperature under a nitrogen atmosphere for 2 days. At this
time, the solvent was removed in vacuo, and the crude product was
purified by silica gel column chromatography using a CH,Cl,/MeOH
gradient (from 0 to 10%) to yield the expected macrocyclic product 3b
as a white solid (35.3 mg, 51% yield). '"H NMR (500 MHz, DMSO-
dg): § 0.81 (6H, d, ] = 6.7 Hz), 0.90 (6H, d, ] = 6.8 Hz), 2.04—2.12
(2H, m), 4.36—4.49 (6H, m), 7.37 (2H, d, ] = 7.7 Hz), 7.56 (1H, t, ] =
7.7 Hz), 7.77—7.80 (3H, m), 7.91 (2H, t, ] = 4.6 Hz), 8.13 (1H, t, ] =
1.5 Hz), 8.63 (2H, d, ] = 10.0 Hz). *C NMR (126 MHz, DMSO-d;):
5 18.5, 19.3, 252, 30.8, 44.7, 59.7, 122.0, 1263, 128.8, 130.0, 135.2,
137.7, 156.1, 167.4, 170.3. IR (ATR): 3510, 3304, 3273, 3082, 3065,
2962, 2927, 2872, 1668, 1636, 1624, 1599, 1533, 1455, 1305 cm™". Mp
>300 °C dec. [a]p® = —191.00 (¢ = 0.01 in DMSO). ESI TOF HRMS
m/z: found 4662459 [M + HJ*, caled for [C,H;N;O, + HJ*
466.2454. Anal. Caled for C,sHyN(O,: C, 64.50; H, 6.71; N, 15.04.
Found: C, 64.54; H, 6.70; N, 14.72.

Compound 3c was prepared using the general macrocyclization
reaction conditions: 1c (150.0 mg, 0.3444 mmol), TBACI (95.7 mg,
0.3444 mmol), and 2 (124.1 mg, 0.3444 mmol) in dry CH,Cl, (34
mL). Pale yellow solid, 38% yield (73.7 mg) after silica gel column
chromatography using a CH,Cl,/MeOH gradient (from 0 to 10%). 'H
NMR (500 MHz, DMSO-d): 6 0.77 (6H, d, ] = 6.8 Hz), 0.89 (6H, d,
] = 6.8 Hz), 2.10-2.20 (2H, m), 4.52 (2H, dd, ] = 10.0, 5.9 Hz), 5.15
(2H, dd, J = 13.4, 3.5 Hz), 5.50 (2H, dd, ] = 13.4, 7.9 Hz), 7.49 (1H, t,
J=7.7Hz),7.64 (2H, dd, ] = 8.1, 7.2 Hz), 7.71 (2H, dd, ] = 7.6, 1.2
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Hz), 8.00—8.07 (4H, m), 8.13 (2H, d, ] = 8.1 Hz), 8.21 (1H, s), 8.28
(d, J = 10.0 Hz, 2H), 9.14 (1H, s). 3C NMR (126 MHz, DMSO-dy):
5 17.8, 19.3, 31.3, 37.0, 58.8, 125.8, 126.0, 126.4, 127.9, 128.6, 129.5,
131.3, 135.4, 137.0, 137.1, 146.0, 167.8, 170.8. IR (ATR): 3322, 3268,
3149, 3051, 2966, 2907, 2871, 1674, 1631, 1531, 1263 cm ™. Mp >300
°C dec. [a]p® = —85.26 (¢ = 0.01 in DMSO). ESI TOF HRMS m/z:
found 566.2772 [M + HJ*, caled for [C33HyNO4 + H]* 566.2767.
Anal. Caled for C33HyN,O,: C, 70.07; H, 6.24; N, 12.38. Found: C,
69.92; H, 622; N, 12.10.

Compound 3a was prepared using the general macrocyclization
reaction conditions: 1a (200.0 mg, 0.7741 mmol), TBACI (215.1 mg,
0.7741 mmol), and 2 (278.9 mg, 0.7741 mmol) in dry CH,Cl, (77
mL). White solid, 17% yield (52.1 mg) after silica gel column
chromatography using a CH,Cl,/MeOH gradient (from 0 to 10%). 'H
NMR (500 MHz, DMSO-dy): 6 0.88 (6H, d, ] = 6.6 Hz), 0.93 (6H, d,
J = 6.7 Hz), 1.95-2.08 (2H, m), 3.34 (4H, s), 421 (2H, dd, ] = 7.9,
102 Hz), 7.57 (1H, t, ] = 7.6 Hz), 7.70 (2H, s), 7.77 (2H, dd, ] = 0.9,
7.6 Hz), 8.10 (1H, s), 8.23 (2H, d, ] = 10.5 Hz). '*C NMR (126 MHz,
DMSO-d,): 6 18.7, 19.6, 30.3, 38.4, 61.2, 129.09, 129.13, 131.0, 135.6,
168.0, 171.4. IR (ATR): 3351, 3309, 3115, 3069, 2937, 2883, 1685,
1674, 1664, 1633, 1620, 1603, 1519, 1463, 1280 cm™". Mp >300 °C
dec. [a]p® = —234.44 (¢ = 0.01 in DMSO). ESI TOF HRMS m/z:
found 389.2189 [M + HJ", caled for [C,,H,5N,O, + H]* 389.2189.
Anal. Caled for C,;H,(N,O,: C, 61.84; H, 7.27; N, 14.42. Found: C,
62.15; H, 7.26; N, 14.15.

From the previous reaction, macrocyclic compound 4a was isolated
in 17% yield (51.7 mg) in the column chromatographic purification as
a white solid. "H NMR (500 MHz, DMSO-dy): § 0.78—0.96 (12H,
m), 2.03-2.15 (2H, m), 3.05—-3.15 (2H, m), 3.18—3.28 (2H, m),
4.19-4.23 (2H, m), 7.51 (1H, t, ] = 7.7 Hz), 7.94 (2H, dd, [ = 7.7, 1.4
Hz), 8.06 (2H, s), 8.24 (1H, s), 8.43 (2H, d, J = 8.5 Hz). *C NMR
(126 MHz, DMSO-di): & 18.8, 19.3, 29.7, 38.2, 59.4, 126.5, 128.1,
1302, 1344, 166.4, 171.2. IR (ATR): 3280, 3082, 2965, 2938, 2873,
1635, 1525, 1249 cm™. Mp >300 °C dec. [a]p® = +38.70 (¢ = 0.01 in
DMSO). ESI TOF HRMS m/z: found 777.4285 [M + H]J*, caled for
[CoHyNgOg + H]* 777.4299. Anal. Caled for CuoHeNOg-H,0: C,
60.44; H, 7.35; N, 14.10. Found: C, 60.63; H, 7.32; N, 13.74.

'H NMR Macrocyclization Kinetic Analysis. Bis(amino amide)
1b (1 equiv), TBACI (0, 1, or 10 equiv), and tetrakis(trimethylsilyl)-
silane (0.1 equiv) were dissolved in CDCl;. Then, activated isophthalic
acid 2 (1 equiv) in CDCl; was added to the reaction mixture to
achieve a final concentration of 10 mM. The reaction mixture was
transferred quantitatively to an NMR tube, and a 'H NMR spectrum
was acquired at different reaction times for at least 12 h at 30 °C. The
quantification of the signals of the product of the macrocyclization
reaction and the signals corresponding to the starting reactants was
carried out using the internal standard’s integral, and its chemical shift
was referenced to 0 ppm.

X-ray Crystallography. Single crystals of 3a were obtained by
slow diffusion of a layer of water on a solution of 3a in DMSO. A
suitable crystal was selected and measured on a single crystal X-ray
diffractometer. The crystal was kept at 200.0 K during data collection.
Using Olex2,** the structure was solved with the ShelXS 2014
structure solution program using Direct Methods and refined with the
ShelXL 2014* refinement package using Least Squares minimization.

Crystal data for 3a C,oH,sN,0,2(C,HcOS) (M = 544.72 g/mol):
monoclinic, space group P2, (No. 4), a = 9.61329(18) A, b =
9.54113(15) A, ¢ = 16.1853(3) A, B = 96.3113(18)°, V = 1475.55(5)
A% Z =2, T=2000K, u(CuKa) = 1.984 mm™, D, = 1.226 g/cm’,
26325 reflections measured (9.256 < 20 < 145.628), 5814 unique
(Rine = 0.0526, R, = 0.0256), which were used in all calculations. The
final R, = 0.0438 (I > 26(I)) and wR, = 0.1231 (all data) (CCDC no.
1452165).

Mass Spectrometry. Mass spectra were recorded on a triple
quadrupole mass spectrometer by electrospray negative mode (ES—).
Nitrogen was used as both the desolvation gas and the nebulizing gas
at a flow of 425 and 100 L h™', respectively. The temperature of the
source block was set to 120 °C, and the desolvation temperature was
set to 150 °C. A capillary voltage of 3.5 and 3.3 kV was used in the
positive and negative scan modes, respectively. The cone voltage was

set to 20 V. The reaction was set up using equimolar amounts of
pseudopeptide 1b, isophthalamide-activated compound 2, and TBACI
to obtain a 10 mM concentration of each reactant in CH,Cl, at rt. Five
minutes after beginning the reaction, a sample of the reaction mixture
was taken and diluted 100 times with MeOH, and then the resulting
solution was infused via a syringe pump directly connected to the ESI
source at a flow rate of 12 yL min~". The observed isotopic pattern of
the intermediate Sb perfectly matched the theoretical isotope pattern
calculated from its elemental composition.
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